Abstract
4

Background
1
Birds of prey, also known as raptors, are key apex predators in nearly every terrestrial biotic 2 community. Species in this guild comprise a non-monophyletic set of three orders within the 3 core landbirds clade, and recent large-scale phylogenomic studies have led to the suggestion that 4 the common ancestor of this clade may have been a predator [1] . There are three main orders of 5 birds of prey: Strigiformes (true and barn owls), Falconiformes (falcons and caracaras), and 6 Accipitriformes (eagles, buzzards, hawks, kites, and vultures). Species in each of these three 7 raptor clades are obligate predators with adaptations for hunting, killing, and/or eating meat [2, 8 3]. Additionally, the common ancestor of owls evolved nocturnality, and most extant owl species 9 are nocturnal, a habit they share with two other avian orders for which we have genome 10 
sequences (Caprimulgiformes and Apterygiformes). These independent transitions in lifestyle 11
provide an opportunity to test for patterns of genome evolution that are linked with being 12 raptorial and nocturnal, respectively [3] [4] [5] . 13 Genomes have been published for more than 50 avian species, including nine birds of 14 prey (peregrine and saker falcons, bald, white-tailed, and golden eagles, turkey vulture, barn owl, 15 northern spotted owl, and burrowing owl) [3, [6] [7] [8] [9] . However, the barn owl, white-tailed eagle, 16 and turkey vulture genomes were assembled at low-quality [6] , and a detailed comparative whole-genome and transcriptome data, extending the genomic coverage of raptors ( Fig. 1, 
22
Additional file 1: Figure S1 and Tables S1-S3). Our investigation revealed numerous genomic 23 5 signatures of evolution that are shared among the three raptor orders or that appear to be 1 associated with nocturnal adaptations of owls.
3
Results and discussion 4 Raptor genome sequencing and assembly 5 We applied whole-genome shotgun sequencing and de novo assembly strategies [10] [11] [12] to build 6 reference genomes of the four raptor species (Eurasian eagle-owl, oriental scops-owl, eastern 7 buzzard, and common kestrel). The extracted DNA samples from wild individuals were 8 sequenced at high coverage (>185×) using various insert sizes of short-insert and long-mate pair Tables S6-S9 ). Protein-coding 14 genes (~16,000 to 18,000 genes) for these four species were predicted by combining de novo and 15 homologous gene prediction methods with whole blood transcriptome data (Additional file 1:
16 Table S10 ). Roughly 9.2% of the raptor genomes were predicted as transposable elements 17 (Additional file 1: Table S11), consistent with the composition of other avian genomes [6] .
18
Additionally, we sequenced the whole genome and blood transcriptome from another twelve 19 raptors (five owls, six accipitrids, and a falconid) and four non-raptor birds (Additional file 1:
20
Tables S12-S14), most of which were sequenced for the first time.
22
Evolutionary analysis of raptors compared to non-raptor birds 1 To identify the genetic basis of predation and nocturnality in raptors, we performed in-depth 2 comparative evolutionary analyses for 25 birds of prey (including ten nocturnal owls and 15 3 diurnal raptors) and 23 non-raptor bird species (including nocturnal brown kiwi [13] and chuck-4 will's-widow [6] , and other avian representatives genome-assembled at a high-quality; Fig. 2 ,
5
Additional file 1: Figure S4 and Tables S1, S2, and S15). Birds have evolved to employ many 6 different strategies to obtain food, and raptors are specialized for hunting [2, 3, 7] . Several 7 molecular signatures were shared by the three raptor orders, and the ancestral branches of these 8 orders each showed an expansion of gene families associated with regulation of anatomical 9 structure size, embryonic appendage morphogenesis, regulation of responses to stimulus and 10 wounding, and learning or memory functions (P <0.05, Fisher's exact test; Additional file 1:
11
Tables S16 and S17). When comparing gene family sizes between the extant species, immune 12 system associated gene families were expanded in the birds of prey (Additional file 1: Table   13 S18). Accipitriformes, and Falconiformes, respectively (Additional file 1: Table S20 ), hinting at 11 adaptation for enhanced beaks for killing and flesh-tearing [2, 3] . Of these, four genes (BMP10,
12
GDF9, NAB1, and TRIP11) showed common acceleration signatures in the three raptor orders.
13
It has been suggested that genes with elevated frequencies of Guanine-Cytosine at the 14 third codon position (GC3) are more adaptable to external stresses, through providing more 15 targets for de novo methylation that affect the variability of gene expression [23] . Therefore, we 16 analyzed the GC3 content in the three raptor orders, and we found that regulation of nervous 17 system development, central nervous system neuron differentiation, and locomotion associated 18 genes showed high GC3 bias (Fig. 2c , Additional file 1: Figure S5 , Table S21 and Additional file Evolutionary analysis of nocturnal birds compared to diurnal birds 4 Since several avian clades have adapted to a nocturnal lifestyle independently, the comparative 5 method can be used to identify genes underlying convergent phenotypes that are associated with 6 nocturnal adaptation [5] . Three nocturnal bird groups (the ancestral branch of owls, chuck-will's- genomes, as previously reported [4, 22] . The nocturnal birds also showed common selection Sensory adaptations to nocturnal environment 16 Modifications of the major sensory systems (not only vision, but also olfaction, hearing, and 17 circadian rhythm) are among the most common changes that occur when shifting from a diurnal 18 to a nocturnal lifestyle [5] . Analysis of the major sensory systems in the nocturnal bird genomes Table S38 ). The diversity of ORs is thought to be related to a detection range 6 of odors [30] , and we found that the diversity of α -clade ORs was significantly higher in the 7 nocturnal birds (Additional file 1: Table S39 ). Additionally, the diversity in the 
15
Circadian rhythm associated genes showed the first and second largest acceleration in the owls 16 and brown kiwi, but the lowest in chuck-will's-widow, suggesting that these independent 17 instances of adaptation to nocturnality occurred by different mechanisms [5] . Additionally, we we could also find several circadian rhythm-related genes that were differentially expressed 8 between the nocturnal and diurnal raptors. Three circadian rhythm-associated genes (ATF4, 9 PER3, and NRIP1) were lowly expressed and two genes (BTBD9 and SETX) were highly 10 expressed in the owls, whereas ATF4 and SIRT1 in the falconids and NRIP1 in the accipitrids 
Conclusions
15
Our study provides whole genome assemblies of Eurasian eagle-owl, oriental scops-owl, eastern 16 buzzard, and common kestrel, as well as a suite of whole-genome resequencing and 17 transcriptome data from birds of prey. This is the first in-depth genomics study comparing the 18 three raptor orders, and we identified a number of shared molecular adaptations associated with a 
Genome assembly and annotation
17
To assemble the raptor genomes, PCR duplicated, sequencing and junction adaptor contaminated,
18
and low quality (Q20) reads were filtered out. The short-insert and long-mate library reads were 19 trimmed into 90bp and 50bp, respectively to remove low-quality bases at the ends of the reads.
20
The quality-filtered reads were used to assemble the four raptor genomes using the 21 SOAPdenovo2 software [10] . We applied various K-mer values (33, 43, 53, and 63) to obtain 22 fragments with long contiguity. In this process, oriental scops-owl genome was assembled poorly 23 14 when using SOAPdenovo2, probably because of its high level of genomic heterozygosity.
1 Therefore, we also assembled the four raptor genomes using Platanus assembler, which is more 2 efficient for highly heterozygous genomes [11] . To reduce the number of gaps in the scaffolds, 3 we closed the gaps using the short-insert library reads in two iterations. To correct base-pair level 4 errors, we performed two iterations of aligning the short-insert library reads to the gap-closed 5 scaffolds using BWA-MEM [34] and calling variants using SAMtools [35] . In this process, 6 homozygous variants were assumed as erroneous sequences from the assembly process, and thus 7 substituted for the correction purpose.
8
To select final high-quality reference assemblies for the four raptors, we annotated all 9 assemblies and evaluated quality of each assembly. We first searched the genomes for tandem test was also conducted [15] . Statistical significance was assessed using likelihood ratio tests 16 with a conservative 10% false discovery rate criterion.
17
We identified target species-specific amino acid sequences. To filter out biases derived 18 from individual-specific variants, we used all of the raptor re-sequencing data by mapping to the
19
Eurasian eagle-owl genome for Strigiformes, the eastern buzzard genome for Accipitriformes, 20 and the common kestrel genome for Falconiformes. The mapping was conducted using BWA-21 MEM, and consensus sequences were generated using SAMtools with the default options, except 22 the "-d 5" option. When we identified the specific amino acid sequences, protein sequences of 23 other birds from the NCBI database were also compared. We also checked multiple-sequence 1 alignments manually to remove artifacts. To identify genetic diversity based on heterozygous 2 SNV rates, variants were also called using Sentieon pipeline [54] with the default options, except 3 the "--algo Genotyper" option. The heterozygous SNV rates were calculated by dividing the total 4 number of heterozygous SNVs by the length of sufficiently mapped (>5 depth) genomic regions.
5
To identify HCRs in the three raptor orders and Passeriformes, we scanned genomic 6 regions that show significantly reduced genetic variation by comparing variations of each 7 window and whole genome as previously suggested [12] . In the case of Passeriformes, whole 8 genome data of four Passeriformes species (medium ground-finch, white-throated sparrow, 9 common canary, and collared flycatcher) were mapped to the zebra finch genome assembly, and 10 then variants were identified using the same methods used for the three raptor orders. Genetic package edgeR [63] . The significance of differential expression was calculated by the moderated 10 t-test [64] (ebayes function) using the R package limma (P <0.05) [65] .
12
Sensory system and beak development associated gene analysis 13 To compare the olfactory sense across avian clades, we collected a total of 215 chicken olfactory annotation process of OR genes [5, 13, 72, 73] . To overcome these issues, we also calculated the 7 diversity of OR genes by Shannon entropy [74] using BioEdit [75] as previously suggested [5, 8 13] . Amino acid positions with above 20% of gaps were excluded, and entropy was averaged 9 across all amino acid positions.
10
The vision system associated genes were retrieved from previous studies [5, 13] . Hearing 11 associated genes were retrieved from the AmiGO database [76] using GO categories related to 12 hearing [5] . Circadian rhythm related genes were retrieved from the AmiGO database using Availability of data and materials 5 The Eurasian eagle-owl, oriental scops-owl, eastern buzzard, and common kestrel genomes have 6 been deposited at DDBJ/EMBL/GenBank under the accession numbers PYWY00000000, 7 PYXB00000000, PYWZ00000000, and PYXA00000000, respectively. The versions described in 8 this paper are the first versions, PYWY01000000, PYXB01000000, PYWZ01000000, and Table S3 for detailed sampling and permission 8 information). No animals were killed or captured as a result of these studies. species with lower-quality genome assemblies, black indicates species for which the whole 6 genome was resequenced, and grey indicates non-raptor species high-quality genome assemblies.
7
* denotes birds of prey sequenced from this study. The white-tailed eagle (denoted with **) was 8 previously assembled at low-quality and also whole genome resequenced from this study. 
